Background: Several neurological disorders have recently been explained through the discovery of expanded DNA repeat sequences. Among these is Machado-Joseph disease, one of the most common spinocerebellar ataxias (MJD/SCA3), caused by a CAG repeat expansion on chromosome 14. A useful way of detecting repeat sequence mutations is offered by the repeat expansion detection method (RED), in which a thermostable ligase is used to detect repeat expansions directly from genomic DNA. We have used RED to detect CAG expansions in families with either MJD/SCA3 or with previously uncharacterized spinocerebellar ataxia
(SCA). Materials and Methods: Five MJD/SCA3 families and one SCA family where linkage to SCA1-5 had been excluded were analyzed by RED and polymerase chain reaction (PCR). Results: An expansion represented by RED products of 180-270 bp segregated with MJD/SCA3 (p < 0.00001) in five families (n = 60) and PCR products corresponding to 66-80 repeat copies were observed in all affected individuals. We also detected a 210-bp RED product segregating with disease (p < 0.01) in a non-SCAl-5 family (n = 16), suggesting involvement of a CAG expansion in the pathophysiology. PCR analysis subsequently revealed an elongated MJD/SCA3 allele in all affected family members. Conclusions: RED products detected in MachadoJoseph disease families correlated with elongated PCR products at the MJD/SCA3 locus. We demonstrate the added usefulness of RED in detecting repeat expansions in disorders where linkage is complicated by phenotyping problems in gradually developing adult-onset disorders, as in the non-SCAI-5 family examined. The RED method is informative without any knowledge of flanking sequences. This is particularly useful when studying diseases where the mutated gene is unknown. We conclude that RED is a reliable method for analyzing ex midal, motor neuron, and oculomotor systems (1) . It is one of the most common hereditary spinocerebellar degenerative disorders (2) and has been mapped to chromosome 14q (3), in the same region as the spinocerebellar ataxia 3 (SCA3) locus (4). Kawaguchi and coworkers recently found a candidate disease gene for Machado-Joseph disease using a trinucleotide probe (5) . The gene they isolated mapped to chromosome 14q32.1. It contained a 1776-bp long open reading frame, was expressed in human brain, and contained an inframe CAG repeat that was expanded in Machado-Joseph patients but not in normal individuals and unaffected family members. In normal individuals the repeat length in the Machado-Joseph gene was 13-36 repeat copies and in 12 tested patients 68-79 copies (5) .
To facilitate detection of long repeat sequences we developed the repeat expansion detection method (RED) (6) . RED is an automatable method for detecting repeat expansions directly from genomic DNA. In this method, a repeat oligonucleotide that is complementary to one of the strands of genomic DNA is allowed to hybridize at a temperature close to the melting point. Multimers of the oligonucleotide are subsequently formed using a thermostable ligase in a cycling procedure. Products are detected as a ladder of bands on a gel (Fig. 1 ). The band with the highest molecular weight represents the largest repeat expansion in that particular genome. The RED method has previously been used to chromosomally map a novel expanded repeat locus (RED-1i) (6) , to identify repeat expansions in myotonic dystrophy (6) , and to detect four novel expanded trinucleotide repeat motifs (7). Furthermore, RED has been used to associate bipolar affective disorder with elongated CAG repeat sequence alleles (8) .
Here we analyzed six spinocerebellar ataxia families using both RED and conventional polymerase chain reaction (PCR). One 
MATERIALS AND METHODS Families
Affected and unaffected individuals from six families with spinocerebellar ataxia were analyzed. Three Portuguese-American (9), one German (K. Burk et al., submitted), and one French (4) family (in total 31 affected and 29 unaffected individuals) had previously been characterized as Machado-Joseph disease and linked to chromosome 14q. For a sixth family (eight affected, eight unaffected individuals), linkage had been excluded to the MJD/SCA3 locus as well as to the loci of SCA1, SCA2, SCA4, and SCA5 (unpublished data).
Sources of Genomic DNA Human genomic DNA was prepared from blood samples using a standard phenol/chloroform extraction procedure (10).
RED Analysis
All reactions were performed on a GeneAmp PCR System 9600 (Perkin Elmer Cetus, Norwalk, CT, U.S.A.), using the following conditions: Reactions (10 ,lI) containing 1 gg of genomic DNA, 50 ng of 5'-end phosphorylated (CTG)IO oligonucleotide (Pharmacia Biotech, Uppsala, Sweden) and 10 U of Ampligase (Epicentre Technologies, Madison, WI, U.S.A.) with the supplied Ampligase buffer were incubated at 94°C for 5 min. Thereafter, samples were taken through 396 cycles of 800C for 30 sec and 940C for 10 sec (4).
Samples were heat denatured in 50% formamide for 5 min, before electrophoresis on a 6% denaturing polyacrylamide/6 M urea gel. The gel was subsequently transferred to 3MM filter paper and DNA electrotransferred onto Hybond N+ membrane using 2 
RESULTS
Analysis by PCR across the CAG repeat in the MJD/SCA3 gene from affected individuals (n = 31) showed expansions of 66-80 repeat copies in all except two cases (Table 1 ). In addition, PCR products in the disease allele size range was seen in six asymptomatic individuals (A in Fig. 2 ). In two individuals (C and D in Fig. 2 ) initially scored as being affected, no expanded alleles (Figs. 1 and 2 ). This individual (C in Fig. 2 ) was found to be unaffected when reevaluated, as mentioned above. Using the definition that any RED product of 210/240 bp correspond to a MJD/SCA3 allele, the probability of linkage between disease allele and phenotype as initially determined, was p < 0.0000 1 (n = 60). With the RED interval extended to 180-270 bp, an equal significance of p < 0.00001 was observed.
Most RED analysis resulted in relatively even intensity of the RED products. In two families (Fig. 2, Family V, and Fig. 3 ) a longer as well as a shorter RED product was observed in certain individuals (Fig. 4) . In these cases, different alleles were identified by analyzing differences in band intensity of the RED products within one given lane on a gel (Fig. 4) , as well as by observation of independent segregation of the different band intensities (Fig. 2, Family V, and Fig. 3 ). In such samples bands at 210 bp and below were distinctly more intense than bands above 210 bp, most likely representing superimposition of products from two alleles of 210 and 420 bp respectively. In both families the 210-bp allele segregated with disease whereas the 420-bp allele was completely unrelated to disease.
Nine asymptomatic individuals (A and B in Fig. 2) showed RED products of 180-270 bp. Six of these nine displayed an expanded repeat also when analyzed with PCR and are thus individuals at risk of developing MJD/SCA3 (A in Fig. 2) . The remaining three (B in Fig. 2 Fig. 2 ) that had a PCR expansion of 80 repeat copies showed a 270-bp RED product. One asymptomatic male of 45 years (F in Fig. 2 ) had a RED product of 180 bp and a PCR product of 64 repeat copies, well above the normal range of 13-36 copies (5,9).
Analysis of an SCA family where linkage had previously been excluded for the loci of MJD/ SCA3 and SCAl, 2, 4, and 5, identified a 210-bp RED product that segregated with the phenotype (p < 0.01, n = 16) (Fig. 3) . All affected individuals showed 210-bp RED products. The size, sequence, and banding pattern of these novel RED products were identical to those of most MJD/ SCA3 patients analyzed. The MJD/SCA3 locus was therefore investigated further despite the previous exclusion by linkage. We subsequently identified a repeat expansion in the MJD/SCA3 gene by PCR confirming a diagnosis of MachadoJoseph disease. In this family, three unaffected individuals showed 210-bp RED products. Of these, one showed an expansion also by PCR and is at risk of acquiring the disease later. Two affected individuals showed a RED product above 270 bp, together with the 210-bp RED product (Fig. 4) analogous to Family V (Fig. 2) . This longer RED allele segregated independent of the disease phenotype. Fig. 2 . This individual is clinically unaffected at age 45 and carries an allele of 64 copies, which is well beyond any normal size allele we have observed. In all likelihood, the expanded allele of Individual F was transmitted from his affected father where it underwent a five-copy reduction. It is quite possible that Individual F will develop symptoms later in life, thereby extending the lower end of the pathological expansion size range in our MJD/ SCA3 study. If not, it would be the longest polyglutamine tract reported to date without concomitant neurological disease. As in other trinucleotide associated disorders, MJD/SCA3 displays anticipation coupled to an increase in repeat expansion size within families. We observed several such changes (Fig. 2) represented by increases in size of both RED and PCR products in later generations.
Despite the fact that the expanded repeat sequence is relatively short in MJD/SCA3, we observed a PCR amplification bias towards the shorter allele in many samples. Initially, some expansions were not clearly seen, but deduced by the presence of only one short allele, where the parental genotype was incompatible with homozygozity. This was resolved by blotting the PCR products to a membrane and subsequent hybridization with an internal repeat oligonucleotide that had been 3'-end-labeled to enhance the specific activity. In this context, we observed an affected individual (D in Fig. 2 ) who showed only one normal size PCR product and had a 180-bp RED product. We have not been able to determine if this individual is a homozygote or if a longer PCR allele fails to amplify. Since this individual is affected and has a RED product in the pathological range, it may be that RED analysis in this case is more robust than PCR. Alternatively, this individual is in fact homozygous for the normal size allele, with the expanded RED product originating from a different locus and consequently a misdiagnosis.
The RED method produced expansion sizes of bp that segregated with the disease and were close to the respective repeat sizes as determined by PCR, demonstrating that RED is a reliable method for detection of repeat expansions. Approximately 29% of the normal population show short CAG expansions with no apparent phenotype (8) , and consequently some individuals will show RED products unrelated to disease, but within the disease expansion size range (B in Figs. 2 and 3) . Nevertheless, RED products relating to a phenotype can often be identified by examining the segregation of a RED product of a given size within a family (exemplified in Fig. 2, Family V, and Fig. 3) .
In some cases we have assigned individuals two RED product sizes in the present paper. This was based on the observation of two differently sized, independently segregating RED products within a family. To identify individuals where both alleles are present requires careful analysis. Yet, if RED product size and band intensity are measured, the two expanded alleles can be separated. It is thus frequently possible to detect a shorter expansion in the presence of a long expansion, by analyzing the increase in intensity of a subset of bands produced by superimposition of two repeat alleles within one lane. For future diagnostic purposes, this type of analysis may be substituted by a modified RED protocol, which we are currently developing. In this modification, a different size oligonucleotide complementary to a sequence adjacent to a given repeat locus is used in combination with the repeat oligonucleotide, producing a second RED product that appears in close proximity to each of the repeat-based RED products. Any ladder not containing these double bands would thus represent another locus.
The fact that RED is not limited to one locus per analysis is a great advantage. As 
